Results are presented of an experimental study designed to characterize and evaluate the aerodynamic performance penalties of residual and intercycle ice accretions that result from the cyclic operation of a typical aircraft deicing system. Icing wind-tunnel tests were carried out on a 36-in. chord NACA 23012 airfoil section equipped with a pneumatic deicer for several different Federal Air Regulation 25 Appendix C cloud conditions. Results from the icing tests showed that the intercycle ice accretions were much more severe in terms of size and shape than the residual ice accretions. Molds of selected intercycle ice shapes were made and converted to castings that were attached to the leading edge of a 36-in. chord NACA 23012 airfoil model for aerodynamic testing. The aerodynamic testing revealed that the intercycle ice shapes caused a significant performance degradation. Maximum lift coefficients were typically reduced about 60% from 1.8 (clean) to 0.7 (iced) and stall angles were reduced from 17 deg (clean) to 9 deg (iced). Changes in the Reynolds number (from 2.0 × × 10 6 to 10.5 × × 10 6 ) and Mach number (from 0.10 to 0.28) did not significantly affect the iced-airfoil performance. 
Nomenclature C d = drag coefficient C l = lift coefficient
Introduction
T HE cyclic operation of typical pneumatic aircraft deicing systems leads to the formation of residual and intercycle ice accretions. For example, pneumatic boots operated in automatic mode are usually inflated and deflated at either 1 or 3-min intervals, depending upon the severity of icing. The ice accretion present on the deicer surface just before its initial activation is the preactivation ice. After the system has been cycled a sufficient number of times, the periodic activation and ice accretion cycle reaches steady state. After steady state has been reached, intercycle ice refers to the ice shape as it exists immediately before subsequent activations of the deicer. This is not to be confused with residual ice, which refers to any ice that remains on the surface immediately after the deicer activation. This paper addresses the characteristics of residual and intercycle ice accretions for a given airfoil and deicing system along with the aerodynamic performance penalties of intercycle ice accretions.
The characteristics of residual and intercycle ice accretions have been the subject of several previous investigations. Shin and Bond 1 analyzed the ice accretions for several different deicing systems installed on an NACA 0012 airfoil. The reported results were for 1-min cycling times and showed that the deicers generally cleaned the leading edge, leaving little residual ice. The intercycle ice, therefore, would accrete in the 1-min period leading up to the deicer operation. The height of the intercycle ice roughness, normalized by chord, varied from approximately k/c = 0.002-0.010, depending on the icing condition, that is, glaze or rime, and the type of deicer. Shin and Bond 1 concluded that the intercycle ice would have an effect on airfoil and wing performance and that uniformly distributed roughness may not be an appropriate simulation of the actual intercycle ice. No aerodynamic measurements were performed during the study.
Aerodynamic performance effects of residual and intercycle ice were included in some of the previous research. Albright et al. 2 measured the drag coefficient before and after the operation of a pneumatic deicer on a NACA 65 1 -215 airfoil. The general results showed that the intercycle ice (before deicer operation) caused a higher drag coefficient than the residual ice (after deicer operation), both of which were higher than for the clean airfoil. Similar research was carried out by Bowden 3 for an NACA 0011 airfoil. Bowden also showed how the lift coefficient decreased as ice was accreted and then increased when the boot was cycled and the ice shed. The results of these studies were taken from a recent review of residual ice characteristics and performance penalties, and the reader is encouraged to consult Reichhold and Bragg 4 for more details. Although these reports provided meaningful data on the performance effects of residual and intercycle ice accretions, a major shortcoming was that the data were acquired at fixed angle of attack. Therefore, the change in the airfoil stall characteristics was not documented.
The effect of intercycle ice accretions on performance of an natural laminar flow (NLF)-0414 airfoil was considered by Gile-Laflin and Papadakis 5 and by Jackson and Bragg. 6 Intercycle ice shapes were documented for tests on a 48-in. chord NLF-0414 airfoil model for one icing cloud condition and for 1-min cycling times. Results from four different deicing systems were obtained. Gile-Laflin and Papadakis 5 conducted aerodynamic testing on a 48-in. chord NLF-0414 airfoil model using ice-shape castings produced from molds taken during the icing tests. Jackson and Bragg 6 conducted aerodynamic testing on an 18-in. chord NLF-0414 airfoil model using two-dimensional, that is, no spanwise variation in cross section, iceshape simulations that were geometrically scaled from ice tracings. The degradation in maximum lift was on the order of 30%, and results from both aerodynamic tests agreed fairly well. However, the effect of different cloud conditions and cycling times was not addressed.
The brief literature survey shows that there are valuable studies in the public domain, but more information is needed. Particularly, the effect of actual residual and intercycle ice accretions formed at one angle of attack on airfoil performance over its larger operating range is largely unknown. Recently, some questions have been raised concerning the effects of residual and intercycle ice for turbopropeller and piston aircraft employing pneumatic boot deicing systems. 7, 8 Because little relevant data were available, the Federal Aviation Administration (FAA) in collaboration with NASA commissioned a study to assess the potential aerodynamic severity of residual and intercycle ice accretions. This effort involved researchers at the University of Illinois and B. F. Goodrich Aerospace Deicing and Specialty Systems Division, with participation by some aircraft manufacturers. More details on the scope of this work are given by Riley et al. 9 The objectives of this study were to characterize the nature of residual and intercycle ice accretions, measure the resulting aerodynamic performance penalties of selected intercycle ice accretions and determine if more detailed study was warranted. A NACA 23012 airfoil was selected for this study because it is representative of wing airfoil sections used on some aircraft currently in operation. The airfoil was equipped with a pneumatic deicing boot provided by B. F. Goodrich. The intercycle ice accretions were generated in the B. F. Goodrich icing wind tunnel and were molded using procedures developed at NASA John H. Glenn Research Center. From these molds, castings were made that were attached to the leading edge of a NACA 23012 airfoil in the NASA Langley Research Center Low-Turbulence Pressure Tunnel (LTPT). Subsequent airfoil performance measurements were made over a large range of angles of attack and Reynolds and Mach numbers.
Experimental Facilities and Apparatus

Icing Tests
The ice-accretion testing was conducted at the B. F. Goodrich Icing Wind Tunnel (IWT). The IWT is a closed-loop, refrigerated wind tunnel with a test section 22 in. wide by 44 in. high by 60 in. long. The icing cloud in the tunnel is generated by NASA-type, atomizing nozzles mounted in seven spray bars located in the settling chamber upstream of the test section. The icing conditions selected for this experiment were based on Federal Air Regulation FAR 25 Appendix C and covered a range of conditions including rime, mixed, and glaze icing for both continuous maximum (CM) and intermittent maximum (IM) cases. For most of the test runs, the airspeed was set at the tunnel maximum of 200 mph. This corresponded to a Reynolds number of 6.5 × 10 6 and a Mach number of 0.27 (at 14
• F). Two angles of attack were selected for the tests, 0 and 4 deg. The NACA 23012 airfoil model used for the icing tests had a 36-in. chord by 22-in. span and was mounted horizontally in the IWT. It was machined from aluminum and was designed with a removable leading edge as shown in Fig. 1 . The removable leadingedge design facilitated the ice molding process. The ice molds were subsequently used to make castings for the aerodynamic testing. The model leading edge was recessed to accommodate a flush-mounted B. F. Goodrich-type 29S pneumatic deicer. The deicing boot had five spanwise tubes, two of which were 1.25 in. wide and three that were 1 in. wide (cf. Fig. 1 ). The deicing system was sized and designed for the 36-in. chord NACA 23012 airfoil at turboprop aircraft speeds. When installed on the model in the tunnel, the deicer was connected to a larger pneumatic deicer outside the tunnel to obtain the proper inflation rate. The deicer operation was computer controlled and was set up for either 1-or 3-min cycles. The two deicer cycle times, 1-and 3-min, were used primarily for the IM and CM icing conditions, respectively. Total run time was determined to be that which had allowed the deicer to reach a steady state in terms of amount of ice removed per cycle. In general, the ice accretions reached a steady state after two or three deicer cycles. Three deicer cycles were used for the IM cases, so that the run time was 3 min, not including time to activation. Four deicer cycles were used for the CM cases, so that the run time was 12 min, not including time to activation.
A primary objective of the icing tests was to obtain high-fidelity representations of the ice accretions for use in aerodynamic performance tests. The results of the ice-accretion testing showed that the pneumatic deicer generally cleaned the leading edge well, leaving little residual ice. However, the intercycle accretions tended to have more ice on the leading edge and, in some cases, protuberances on the upper surface. These intercycle shapes were expected to cause greater performance degradation and, therefore, were selected for aerodynamic testing. The four ice shapes selected for aerodynamic testing were from runs 290, 296, 312, and 322. The test conditions for these shapes are summarized in Table 1 . Ice tracings and photographs are given for these ice accretions in Figs. 2-5. Molds 10 were made for each of these ice accretions. The castings produced from these molds preserved virtually all of the ice accretions features shown in Figs. 2-5. These four ice shapes provided a reasonable variation in cloud conditions and ice-shape type. For example, ice shape 290 (cf. Fig. 2 ) represents a mixed glaze-rime shape for a CM case. Ice shapes 296 and 312 (cf. Figs. 3 and 4) are both glazetype shapes, but the ridgelike features on the upper surface are quite different. This was most likely caused by the difference in droplet "median volumetric diameter" (MVD), which was 20 µm for ice shape 296 and 40 µm for ice shape 312. Finally, ice shape 322 (cf. 12 present a more detailed treatment of the icing test results along with the experimental methods.
Aerodynamic Tests
All aerodynamic testing was carried out at NASA Langley Research Center, using the LTPT. The LTPT is a closed-return wind tunnel that is principally used for two-dimensional airfoil testing and is described in detail in Refs. 13 and 14. It can be operated at stagnation pressures from near vacuum to 147 psia (except 15-20 psia) and over a Mach number range of 0.05-0.40. A heat exchanger and nine turbulence reduction screens are located in the inlet settling chamber. The contraction ratio is 17.6:1, and the test section 14 The 36-in. chord NACA 23012 airfoil model was supported horizontally across the width of the test section between two 34.5-in.-diam circular endplates. The endplates were flush with the sidewalls and rotated for angle-of-attack adjustment. They also contained a section of porous plate for sidewall boundary-layer control. This sidewall venting system was originally developed for testing highlift airfoil configurations, and a detailed description is given by Paschal et al. 15 During this study, some runs were performed with and without sidewall venting, and there was very little difference in the results. All of the data presented here were acquired with sidewall venting, except at Re = 2.0 × 10 6 because sidewall venting was not available for this condition.
The NACA 23012 airfoil model was machined aluminum and had recessed openings for pressure instrumentation. The model was designed and built with a removable leading edge. There was a single baseline, or clean leading edge and an alternate leading edge. The ice-shape castings were mounted to the alternate leading edge. This method simulated the actual ice accretion with very high fidelity. In addition, an instrumentation slice was installed near the model midspan. The instrumentation slice was cut out of stainless steel to match the ice-shape cross section and had pressure taps distributed around the ice-shape contour. This allowed for measurements that provided a reasonable representation of the pressure distribution around the ice shape and also provided pressures for determination of the lift and pitching moment coefficients. The baseline model had 67 static pressure orifices along the main chordwise row and 17 orifices in a spanwise row located at x/c = 0.70 on the upper surface. The photograph in Fig. 6 shows the model mounted in the test section, with ice-shape casting simulation and pressure instrumentation slice attached to the airfoil leading edge.
The LTPT was equipped with a three-component force balance; however, it was designed for operation with high-lift airfoil systems and for higher dynamic pressures than were run in this experiment. Therefore, the data from the force balance were deemed unreliable except at the higher dynamic pressures, and the lift and pitching moment data were generally obtained from the integration of surface static pressures. These data were compared to the force-balance data for large values of dynamic pressure and excellent agreement was observed for both clean and iced configurations. Therefore, no force-balance data are presented here. Drag coefficients were calculated from wake pressures measured with a wake rake using the standard moment-deficit method. For data collection, 1-deg angleof-attack increments were used, except for the wake drag, which was acquired in 2-deg increments. Corrections to the integrated performance coefficients accounting for solid and wake blockage and streamline curvature were applied to the data during postprocessing using the methods of Allen and Vincenti. 16 The experimental uncertainty in the performance coefficients was estimated using the methods of Kline Table 2 lists these uncertainties for a set of pressure-derived coefficients and the angle of attack. The values listed were from data on the clean airfoil at Re = 7.5 × 10 6 and M = 0.21. For lower Reynolds and Mach numbers, the experimental uncertainties were slightly higher than those shown, whereas higher Reynolds and Mach number conditions had uncertainties that were slightly lower than those shown in Table 2 . All of the estimated uncertainties were acceptable for the purposes of this investigation. The relative uncertainty in C m seems very large for this example because of the small reference value. For cases where the C m values were larger, for example, in the iced airfoil case, the absolute uncertainty would be similar, therefore, resulting in a lower relative uncertainty. In addition, a repeatability analysis provided by NASA showed that run-to-run variations in the coefficients were much smaller than these uncertainties. The test matrix was selected to yield a broad range of Reynolds and Mach numbers with the high end being applicable to turbopropeller and piston-engine aircraft as constrained by the limitations of the facility. Table 3 summarizes these conditions for both the clean and iced configurations. In addition to these configurations, standard roughness in the form of 40-and 80-grit sandpaper was also tested. The sandpaper covered the airfoil leading edge from x/c = 0.07 on the upper surface to x/c = 0.10 on the lower surface. Clean, iced 7.5 × 10 6 Clean, iced Clean, iced Clean, iced 10.5 × 10 6 Clean, iced Clean, iced The 19 This height did not include the thickness of the paper backing that was approximately one and a half times as large as the roughness itself. Additionally, this was attached to the model surface with 0.003-in.-thick double-sided tape.
Results and Discussion
Clean-Airfoil Aerodynamics
Overall, the clean-airfoil results followed classic airfoil behavior and compared favorably with historical data and computational results. Figure 7 shows the effect of Reynolds number at constant Mach number on the performance coefficients. The maximum lift coefficient increased by approximately 0.10 from Re = 3.5 × 10 6 to Re = 7.5 × 10 6 . Conventional results were also observed in the drag data, where the drag coefficients tended to decrease with increasing Reynolds number from Re = 3.5 × 10 6 to Re = 7.5 × 10 6 . These trends were also comparable to previous LTPT results for the NACA 0012 airfoil. For example, Ladson 20 analyzed data from performance tests on a NACA 0012 airfoil having a 24-in. chord, acquired with solid sidewalls (no sidewall boundary-layer control) over a large matrix of Reynolds and Mach numbers. Classic air- foil behavior was observed for Mach number variations at constant Reynolds number. The lift-curve slope increased with Mach number, but C l,max decreased about 0.10 from M = 0.12 to 0.28 at Re = 10.5 × 10 6 . Typical Mach number effects were observed in the drag and pitching moment data as well.
The present data were compared to historical data and computational results for further validation as shown in Fig. 8 . Figure 8 shows that the present data at Re = 7.5 × 10 6 and M = 0.12 compare favorably to data from Abbott and von Doenhoff 21 at Re = 7.5 × 10 6 and M < 0.17. (The exact Mach number was not given.) There is excellent agreement in the lift coefficient data, with the C l,max values being nearly identical. There is also excellent agreement in the pitching moment coefficient in the linear-lift range before stall. The drag coefficients for the historical data were significantly lower than for the present data. This may have been caused by the seams in the airfoil model due to the removable leading-edge design. The removable leading edge joined the main body at x/c = 0.21 on the upper and lower surface. Ideally this spanwise-running seam would have been smooth to not cause any flow disturbance. In practice, this was difficult to achieve, and it is possible that there was enough misalignment to cause boundary-layer transition at this location. The effect of these seams were investigated using XFOIL, 22 which is an airfoil analysis code that couples a panel method flowfield solver to an integral boundary-layer formulation. This code allowed boundary-layer transition to be fixed at x/c = 0.21 for angles of attack where natural transition would occur downstream of this location. As shown in Fig. 8 , the XFOIL drag coefficient results compared favorably with the present data. The lift coefficient plot shows that the XFOIL results agreed very well with both sets of experimental data up to about 9-deg angle of attack. At this point and for higher angles, XFOIL overpredicted the lift coefficient. This is a common feature of XFOIL results, in the authors' experience. Although this fixed-transition calculation is by no means conclusive, it does show that the removable leading edge (plus pressure taps, etc.) may have played a role in the departure of drag values from the Abbott and von Doenhoff 21 data. This sort of tradeoff was expected, given the necessary compromises in model quality required to perform the ice-shape testing. Broeren and Bragg 11 and Broeren et al. 12 provide more analysis of the NACA 23012 airfoil data.
Iced-Airfoil Aerodynamics
The performance penalties due to the intercycle ice shapes were found to be very severe. This is shown in Fig. 9 for Re = 7.5 × 10 6 and M = 0.21. Three of the four ice-shape castings mounted to the airfoil leading edge (290, 296, and 312) caused nearly the same performance degradation, despite their differences in geometry. The maximum lift coefficient for these shapes was in the range of 0.65-0.75. This represents approximately a 60% reduction from the clean value of 1.8. The stalling angle was reduced from 17.5 to about 8.5 deg. Furthermore, significant degradations in the icedairfoil lift coefficients was apparent for angles of attack greater than 4 deg. Ice shape 322 was formed from 1-min boot cycles in rime-ice conditions, and it resulted in a slightly lower maximum lift penalty of about 50%. All of the ice-shape castings caused a significant change in the airfoil pitching moment. In the clean case, the pitching moment was nearly constant over the linear-lift range. With the ice shapes attached to the airfoil, the pitching moment had a strong angle-of-attack dependence. The drag data showed at least a threefold increase in the minimum C d for three of the four shapes. The ice-shape 322 case had a smaller increase in drag, probably because the shape was smaller and smoother.
The NACA 23012 airfoil section was also tested with 40-and 80-grit sandpaper applied to the leading edge. This test was performed to compare the performance degradation due to a standard, or uniformly distributed, roughness to the performance degradation due to the ice-accretion castings. The use of sandpaper as standard roughness is advantageous because it is easily duplicated for testing in other facilities or in-flight. Figure 10 shows that the sandpaper performance penalties were about half that of the ice-shape castings. The average reduction in C l,max was about 33% with α stall being reduced from 17.5 down to about 12 deg. The drag values for the airfoil with sandpaper were generally closer to the clean case than with the ice-shape castings attached. The chief short coming of the sandpaper simulation was that the roughness heights were not close to those of the actual ice accretions. For example, the nominal height (ignoring the larger ridgelike features) of ice shape 290 was k/c = 0.0056, whereas the 40-grit sandpaper roughness height was nearly 10 times smaller at k/c = 0.00057. Furthermore, the sandpaper simulation did not capture any of the ridgelike features of the intercycle ice accretions.
Reynolds and Mach Number Effects
The effect of Reynolds and Mach number variation was investigated for all of the ice shapes. An example of these effects is shown in Figs. 11 and 12 for the airfoil with the ice-shape 290 casting attached. The lift coefficient data in Fig. 11 show that there was a small increase in C l,α and C l,max from Re = 2.0 × 10 6 to 3.5 × 10 6 , but there was virtually no change for the higher Reynolds numbers. The drag data exhibited a similar trend where the largest variation occurred from Re = 2.0 × 10 6 to 3.5 × 10 6 . Figure 12 shows that there was a measurable variation in C l,max with Mach number at constant Reynolds number. The drag coefficients tended to increase slightly with increasing Mach number at higher and lower angles of attack. These trends were similar to the clean case, where C l,max decreased with increasing Mach number and the drag increased. However, these differences were very small relative to the overall performance degradation due to the ice shape. These Reynolds and Mach number trends were generally observed for all of the iced-airfoil configurations tested. The effect of Reynolds number on the maximum lift coefficient is summarized in Fig. 13 . As already indicated, there is only a minor increase (less than 0.05 in C l ) in maximum lift coefficient from Re = 2.0 × 10 6 to 10.5 × 10 6 , for the ice-shape castings. This increase was more significant (approximately 0.10 in C l ) with sandpaper over the leading edge. Figure 14 illustrates that the slight decrease in C l,max over the Mach number range tested was similar for all of the ice-shape castings. The Mach number behavior was different in the case of the sandpaper as the opposite trend is shown for the 80-grit case. Both Figs. 13 and 14 show the difference in C l,max performance with sandpaper over the leading edge vs the intercycle ice shapes.
The Reynolds and Mach number trends observed for the icedairfoil cases are consistent with previous research performed by others. For example, Morgan et al. 23 carried out iced-airfoil performance measurements on a multi-element supercritical airfoil. A large glaze-ice simulation made of wood was tested as well as simulated frost that consisted of 70-grit roughness. Performance measurements were carried out with all airfoil elements nested (cruise configuration) at a constant Mach number of 0.20 with Re = 3.0 × 10 6 -12 × 10 6 . The results showed very minor changes in maximum lift over the entire Reynolds number range for the icedairfoil cases. In another study, Addy and Chung 24 tested glaze-ice simulations on an NLF-0414 airfoil in the LTPT. The simulations consisted of castings produced from actual ice accretions (similar to the present study) and corresponding two-dimensional, that is, uniform in the spanwise direction, smoothed shapes produced using rapid-prototyping methods. The ice accretions resulted from a 6-and 22.5-min exposure to the same cloud condition. For three of the four iced-airfoil configurations tested, there was virtually no variation in C l,max for Re = 4.6 × 10 6 -10.5 × 10 6 , at a constant Mach number of 0.21. There was a minor increase in C l,max over this Reynolds number range for the 22.5-min, two-dimensional ice case. In similar work, Addy et al. 25 tested rime-and glaze-accretion castings resulting from icing sprays of 2.0-22.5 min on a GLC-305 airfoil. Again, there was virtually no dependence of C l,max on Reynolds number from 3.0 × 10 6 to 10.5 × 10 6 at a constant Mach number of 0.21.
The trends observed in the present and previous data further illustrate that the maximum lift of an airfoil with simulated ice, roughness, or other contamination is relatively insensitive to changes in Reynolds number. For an iced airfoil, boundary-layer transition and separation are generally fixed by the size and location of the ice features. This is true once the Reynolds number exceeds a critical value that is dependent on size of the ice accretion or roughness. Lee et al. 26 examined historical roughness data for a NACA 0012 airfoil and suggested that for a typical small-sized ice accretion (k/c = 0.0009) this critical Reynolds number was below 0.1 × 10 6 . The data from this and previous studies shows that the Reynolds number variation in iced-airfoil performance is minor relative to the degradation from the clean values.
Mach number effects on iced-airfoil performance has not received as much attention in previous studies. However, Addy and Chung 24 reported lift coefficient results for a Mach number variation from 0.12 to 0.29 at Re = 6.4 × 10 6 . There was a slight decrease in C l,max and α stall with increasing Mach number for all of the ice-shape configurations tested. The magnitude of this decrease is very similar to that shown in the present data. Also consistent were the results of Addy et al. 25 However, the conclusion is identical to that for the Reynolds number effect. The dependence of maximum lift on Mach number in the iced-airfoil case is minor relative to the overall performance degradation caused by the ice accretion.
Ice-Shape Geometry Effects
The large degradation in the maximum lift coefficient for these ice accretions is likely related to the pressure distribution on the NACA 23012 airfoil. Because the clean airfoil has a large suction peak near the leading edge, the airfoil is more sensitive to protuberances in this region. It is likely that an airfoil with a more gradual pressure recovery would have less severe lift degradation due to a similar ice shape. This idea is explained in more detail by Lee, 27 Lee et al., 26 and Lee and Bragg. 28 For example, a significant feature of ice-shape 296 is the large spanwise ridge located at x/c ≈ 0.04 (cf. Fig. 3 ). The effect on the pressure distribution is shown in Fig. 15 . The data are for approximately 8-deg angle of attack, which corresponded to α stall for the iced-airfoil case. Figure 15 shows how the leading-edge suction pressures were reduced due to the presence of the ice-accretion casting. There was also significant deviation of the lower surface pressure. This behavior is contrasted with the effect of the uniformly distributed roughness shown in Fig. 16 . The data are for 11.4-deg angle of attack, which corresponded to α stall for the airfoil with 40-grit sandpaper over the leading edge. The pressure distributions show that there was significant deviations only in the region of minimum pressure. The roughness size of the 40-grit sandpaper tended to be about 10 times smaller than the typical nominal height of the intercycle accretions. In addition, the sandpaper did not simulate the ridgelike protuberance features of the intercycle accretions.
The effect of spanwise-ridge protuberances on airfoil performance has been investigated by others, and some comparison to the present data is warranted. For example, Jacobs 29 parametrically varied the spanwise protuberance height and location on a NACA 0012 airfoil. The data tended to indicate that larger sized protuberances (k/c > 0.001) located on the upper surface just aft of the leading edge caused the most significant degradation in maximum lift. Detailed conclusions were not obtainable because of the small number of chordwise protuberance locations tested. Similar results were presented by Lee et al. 26 for tests with a forwardfacing quarterround on a NACA 23012m airfoil. In this case, where a large number of chordwise locations were tested, the quarter-round protuberance caused the most significant decrease in maximum lift when located at x/c = 0.10-0.15.
The dominant ridgelike features of the intercycle ice shapes were obtained using the digitized ice-shape tracings shown in Figs. 2-5. For example, ice-shape 296 (cf. Fig. 3 ) had a large ridge-like feature located at approximately x/c = 0.035 with an approximate height of k/c = 0.0122. When the digitized tracing in Fig. 3 was used, the height of this ridge was determined to be k/c = 0.0122. Table 4 summarizes the corresponding features extracted from the other ice-shape tracings. The data from Table 4 are plotted along with the aforementioned data of Lee et al. 26 for the NACA 23012m airfoil in Fig. 17 . The NACA 23012m is a slightly modified version of the NACA 23012 airfoil used for the present experiments. Figure 17 shows that the C l,max degradation due to the intercycle ice shapes is generally less than for the single quarter-round protuberance. This is true for all of the shapes except 322, which resulted in a lower C l,max than for the corresponding quarter-round case. This probably occurred because the actual ice shape (cf. Fig. 5 ) wrapped around the leading edge, covering more surface extent than the Lee et al. 26 quarter-round. For the other three shapes, there are two probable reasons why the loss in C l,max is not as large for the intercycle ice accretions. The first reason is that the spanwise ridges were not uniform in the case of the intercycle accretions. This is clearly illustrated in Fig. 4 for ice-shape 312, where the ridge is broken in several places along the span. On the other hand, the quarterround cross section of Lee et al. 26 was invariant across the span. Correspondingly, Fig. 17 shows the most disagreement in C l,max for this ice shape. Lee 27 investigated the effect of spanwise breaks or gaps for a k/c = 0.0138 quarter-round at x/c = 0.10. Even relatively small spanwise breaks in the quarter-round caused the C l,max to increase from 0.27 to approximately 0.50. The second reason is that the quarter-round spanwise ridge caused a large separation region in front of the ridge. 27, 28 This was different from the intercycle accretions because the spanwise ridges formed aft of an accretion that covered the entire leading-edge region. This likely reduced the effects of any separated flow region that may have existed immediately upstream of the ridgelike feature. The combined results of this comparison and the uniform roughness testing indicate that any aerodynamic simulation of the intercycle ice accretions should incorporate both the appropriate ice-roughness height and ridgelike features.
Conclusions
The objectives of this study were to characterize the nature of residual and intercycle ice accretions, measure the resulting aerodynamic performance penalties of selected intercycle ice accretions, and, if the penalties were large, determine if more detailed study was warranted. Ice-accretion testing was carried out using a 36-in. chord NACA 23012 airfoil model equipped with a pneumatic deicer. The ice-accretion tests were performed at several different FAR 25 Appendix C cloud conditions. The nominal Reynolds and Mach numbers were 6.5 × 10 6 and 0.27, respectively. Residual and intercycle ice accretions were generated for 0-and 4-deg angle of attack. These accretions were documented after several deicer cycles to ensure that steady state had been achieved. In select cases, molds were made of the accretions that were later converted into castings for aerodynamic testing. The aerodynamic performance testing was carried out using a similar 36-in. chord NACA 23012 airfoil model over a large range of Reynolds and Mach numbers. A total of four different intercycle ice castings were tested along with the clean configuration. In addition, tests were also conducted with uniformly distributed roughness in the form of 40-and 80-grit sandpaper applied to the airfoil leading edge.
The results of the ice-accretion testing showed that the pneumatic deicer generally cleaned the leading edge well, leaving little residual ice. Therefore, the intercycle accretions tended to have more ice on the leading edge and, in some cases, protuberances on the upper surface. The intercycle ice accretions selected for aerodynamic testing tended to be worst-case scenarios having more ice located on the upper surface. This generally occurred for ice accreted at 0-deg angle of attack and for continuous maximum cases having 3-min deicer cycles.
The simulated intercycle ice accretions caused significant airfoil aerodynamic performance degradation. Maximum lift coefficient values were typically reduced about 60% from 1.8 (clean) to 0.7 (iced), and stall angle values were reduced from 17 deg (clean) to 9 deg (iced). The minimum drag coefficient increased from 0.007 (clean) to 0.026 (iced). An increase in Reynolds number from 2.0 × 10 6 to 3.5 × 10 6 caused a small increase in the liftcurve slope and maximum lift coefficient, whereas an increase in Reynolds number from 3.5 × 10 6 to 10.5 × 10 6 at a constant Mach number of 0.12 had virtually no effect on any of the performance coefficients. An increase in Mach number from 0.12 to 0.28 at a constant Reynolds numbers of 7.5 × 10 6 and 10.5 × 10 6 caused the maximum lift coefficient to decrease only slightly.
The performance degradation due to the 40-and 80-grit sandpaper applied to the airfoil leading edge was substantially less than for the ice-shape simulations. Maximum lift values were reduced about 33% from 1.8 (clean) to 1.2 (with sandpaper) and stall angles were reduced from 17 deg (clean) to 12 deg (with sandpaper). The minimum drag coefficient increased from 0.007 (clean) to 0.011 (with sandpaper). The sandpaper was not large enough to simulate the nominal heights of the intercycle shapes accurately because its roughness was an order of magnitude smaller. Also the sandpaper did not have the ridgelike features of some of the intercycle ice accretions.
The very large performance degradations associated with the intercycle ice shapes implies that more detailed study is warranted. For example, the performance of the NACA 23012 airfoil used here is known to be very sensitive to ice or other contamination in the leading-edge region. The effect of intercycle ice on the performance of other airfoils is largely unknown. Also, the 36-in. chord airfoils used in this study were not representative of a typical wing chord. Therefore, reasonable questions may arise about how the present data would apply to characteristics and resulting performance degradation of ice accretions on a larger scale. This has more to do with the ice accretion geometry because this paper has shown that Reynolds and Mach number effects on performance are very small in the iced case. Because ice accretions and pneumatic boot operation cannot be scaled reliably, full-scale intercycle ice accretions need to be acquired and tested to determine the aerodynamic performance degradation accurately.
